Abstract
Introduction frequencies and will be discussed in some more detail later, are the equivalence of the 127 conventional perturbed boundary method and may be looked upon as an extension of the 128 transmission zeros of driving frequency response function (FRF) curves. The incorporation of 129 these frequencies helps reduce the reliance on the mode shape data and it proves to be 130 effective for the identification of the crack parameters with the cracked beam element model.
131
Overview of the cracked-beam element model and numerical verification 132 The cracked beam element model adopted in this study for crack damage identification where A e is the effective shear area of the beam section.
152
U c is the additional strain energy brought by the crack, and A c is the effective crack area.
153
The energy release rate G can be calculated with the Stress Intensity Factors (SIFs) of the 
where, K I , K II , and K III are the stress intensity factors for three different types of cracks,
157
namely opening, sliding and tearing. For plane stress, E′=E, and for plane strain, E′=E/(1-), 158 where  is the Poisson's ratio of the material. 
In the matrix, the terms c ij,c can be calculated as: 
173
With the local flexibility matrix, the complete 6×6 stiffness matrix for the cracked beam 174 element can be obtained by inverting the flexibility matrix, and it can be written as:
where T is a 6×3 transformation matrix, and can be expressed as,
In the present study, the cracked element stiffness matrix considering the above crack- beam from the respective intact state.
189
Shown in the figure is also a prediction using the traditional "reduced element stiffness"
190
approach for a comparison. This method assumes an equivalent reduced elemental stiffness to represent the effect of a crack, which effectively leads to a proportionally reduced element 192 stiffness matrix as: 
243
The impact force and acceleration data were recorded with a data acquisition system (NI-244 9234). The sampling rates for both the impact force and acceleration were set to be 25600 Hz, 
Modal testing results

263
Representative FRF curve of beam B0 is presented in was not aimed to obtain very smooth mode shape curves; instead it was aimed to restrict the 273 number of mode shape data points to represent a practical measurement scenario.
274
Nevertheless the accuracy of the mode shape data at the measured points is not affected by 275 the mode shape resolution. the two models regarding mode shape calculation. and mode shapes) would not be sensitive to the conditions in the elements at the beam ends.
359
For simplicity and without losing generality, the two end elements in each beam are excluded 360 from the updating operation and they are assumed to remain intact. This leaves 20 unknown parameters to be determined (updated).
362
The objective function of the model updating is formed with the eigenvalue and mode Fig. 9 and Table 3 .
383
Comparing with the actual crack conditions shown in Fig. 3 and summarised in 
421
The results for the crack damage identification using the above modal data and mesh 422 setting are shown in Fig. 10 and The concept of ABC frequencies (Gordis, 1996; 1999) need to physically alter the structure. Gordis (1996 Gordis ( , 1999 has shown that these frequencies 
466
The idea of acquiring the ABC frequencies can be illustrated schematically in Fig. 11 (a) .
467
Suppose the natural frequencies of the structure with two additional pins at point i and j are to Fig. 4(b) , the following two-pin configurations were tested:
) and (P4, P10).
496
The same signal processing strategy presented in the 'Modal testing setup' sub-section 497 was used to obtain the FRF curves as well as ABC curves. However, it should be pointed out Table 5 and 6. It shows that the shifts of ABC frequencies brought by the cracks 511 are around the similar range as that of natural frequencies.
512
FE model updating with ABC frequencies
513
The obtained one-pin and two-pin ABC frequencies are then used to perform model 
In the equations, R is a residual from the extracted and computed one-pin or two-pin 
539
The crack depths from using a combination of the natural and two-pin ABC frequencies were quite stiff and this rendered the two-pin ABC frequencies to be in a high frequency 542 range, and thus generally increased measurement error, particularly in the two-pin ABC cases.
543
The incorporation of the ABC frequencies actually provides a scope to expand 544 dramatically the modal frequency data set, and this is deemed to be very beneficial for Tables   Table 1. Crack information of the aluminium beam specimens 
Figure Captions
Beam label Crack1 Crack2 Crack3  L c /mm  L c /mm  L c /mm B0 - - - - - - B1 0.3 375 - - - - B2 0.5 375 - - - - B3B1 - - - - - - - 25.6 - - - - B2 - - - - - - - 24.9 - - - - B3 - - 27.1 - 35.6 - - - 24.9 - - - B4 - - - 32.2 17.4 - - - 23.7 - - -
